Abstract: Offshore wind farm (WF) projects have been promoted by support schemes as part of the expansion of renewable energy resources in Korea. This paper examines in detail how the Renewable Portfolio Standard (RPS), which was adopted post the Feed-in-Tariff scheme in 2012, has had a profound impact on the economic benefits of offshore WFs in Korea. A framework for analyzing the economic viability of RPS is presented and applied to the sixth basic plan for long-term electricity supply and demand in Korea. The electricity market price is forecast using a reformulated probabilistic production cost (PPC) model, and the renewable energy certificate (REC) price is calculated using its determination rule. The results show that the existing RPS will be ineffective in increasing the penetration of offshore WFs in Korea; however, they also indicate that the economic viability of offshore WFs could be improved by adjusting the existing RPS.
Introduction
The Korean government has recently announced an expansion plan for renewable energy resources that entails an increase of at least 20% in national installed generation capacity by 2027. Wind power is expected to be a particularly important part of this plan, and the fraction of wind power is planned to amount to 53% of the total renewable generation capacity in 2027, with an additional 1250 MW each year [1] . Of the wind farm (WF) projects that are already established (representing a generation capacity of 11,970 MW), 72% are situated in offshore areas, which are advantageous compared with onshore areas in terms of political acceptability because of the reduced opposition from local residents. An example is the 2500 MW offshore WF currently under construction in the southwest of the Korean peninsula [2] . An 80 MW test site was originally scheduled for completion in 2014, with a 420 MW demonstration site online by 2016 and the remaining generation capacity by 2019. The required investment totaled 9.2 trillion won of private and public joint funding. The area that will be occupied by the site is approximately 226 km 2 and it is located 200 km from the center of Seoul. This demonstrates the Korean government's intention to increase the penetration of renewable energy through the strategic promotion of the large-scale offshore WFs.
Private investors in Korea may be reluctant to invest in offshore WF projects without the benefit of economic support schemes. The feed-in tariff (FIT), which was established in 2002 and maintained until 2011 [3] has contributed to providing a financial footing for the penetration of the wind energy [4] . Following this initiative, the renewable portfolio standard (RPS), which came into effect in April 2012, addressed problems inherent in FIT, including the government's financial crunch and difficulties in estimating adequate pricing. The renewable energy certificate (REC) trading market connected to the RPS was also introduced in 2012. It is currently in a transitional phase, with limited enforcement; however, it will become active through phased expansion [5] . It should be noted that the RPS appears to have been designed to make offshore WFs more lucrative than the other renewable energy resources, as the largest REC weighting is given to the offshore WFs. As the REC market stabilizes, there is little doubt that it will become an important stream of income for offshore WFs.
A quantitative analysis of the impact of RPS on the profitability of offshore WF projects is a matter of some urgency, as the REC price reached 180% of electricity market price in 2013 [6] . Moreover, the electricity market price will vary with the penetration of renewable energy resources, including wind and photovoltaic (PV) power [7] [8] [9] [10] [11] [12] . Unfortunately, relatively little research has been devoted to the economic viability of RPS in tandem with these revenue elements [13] [14] [15] [16] . It is of importance to be able to seamlessly capture the REC price as well as the electricity market price.
In this paper, we present a framework for the analysis of the economic viability of RPS considering long-term variation in revenue elements. We also examine the possible options for improving existing RPS from the viewpoint of private investors in offshore WF projects in Korea. The electricity market price is forecast using a reformulated probabilistic production cost (PPC) model [17] and the REC price is calculated using its determination rule [18] . The results of these simulations provide not only insight into the economic viability of the RPS in Korea but also a basis for adjusting the RPS considering potential changes in the circumstances related to renewable energy penetration.
The remainder of the paper is organized as follows: in Section 2, we present a method for long-term prediction of electricity market prices. Section 3 covers the prediction of REC price. In Section 4, we describe a method for assessing the annual production of wind energy. Section 5 gives a summary of the revenue and cost elements of offshore WF projects. Section 6 provides details of the metrics used in the economic evaluation. In Section 7, we discuss numerical results for two different scenarios, and concluding remarks are given in Section 8.
Predicting the Market Price of Electricity
The electricity market price is determined based on so-called "merit order", which is a method of ranking generators in ascending order of short-run marginal costs to meet the required load every hour, so that the unit with the lowest marginal cost has priority to be brought on line. It follows that if most of the available renewable power plants with no fuel costs, such as wind and PV power plants, are ranked highest, then other generators are settled in sequence of their own marginal costs. Allowing for this prioritization mechanism, it is expected that an increase in renewable power plants participating in the electricity markets will tend to lower market prices by pushing up the merit order stacks of conventional generators. The growing number of renewable power plants and the consequent impact on the electricity market price are important considerations in predicting the market price.
The influence of those resources on the market price prediction process is contingent upon the type of the renewable energy resources, which are classified as variable generation sources and non-variable generation sources. Biofuel, waste, and blast furnace gas (BFG) generation belong to the latter category, and these can be treated in the same manner as conventional generators. Variable generation sources such as wind and PV power should be addressed in a different manner from conventional generators. These sources are currently scheduled to account for 70% of the renewable energy resources in Korea by 2027 [1] .
A few studies have examined methods of predicting market prices considering variable generation sources based on the market clearing process in the long-term [17, 19, 20] . Most used probabilistic approaches to consider the effects of long-term expansion of variable generation sources on electricity market prices. The most common approach is PPC model, which is favorable to chronological methods in terms of applicability [21, 22] . In this paper, we use the PPC-based prediction model [17] , which was reformulated to take into account the effects of variable generation sources.
With the PPC-based prediction model, variable generation sources are regarded as units of generation, which are committed according to their merit order. Allowing for the uncertainties inherent in loads and conventional generators, as well as the variable generation sources, each generator aligned in merit order may be a marginal generator; thus, the number of possible market prices is the same as the total number of generators. All generators may therefore necessarily be marginal generators because of the possibility of sudden failure of generators and unpredicted changes in the load and output power of variable generation sources. The expected market price can then be forecast by taking advantage of available information on the probability distribution of market prices. Predicting the market price relies on the concept of an equivalent load, which is obtained by convolving probability density functions (PDFs). The PDF of equivalent loads with M WFs and N PV farms (PFs) can be obtained by convolving the PDFs of the annual hourly load and the output of each WF and PF, i.e.:
where the PDFs of the original load and the equivalent load incorporating M WFs and N PFs are expressed by fL and fWP, respectively, so that fW,# denotes the PDF of the output of each WF multiplied by −1, and fP,# is the PDF of the output of each PF multiplied by −1. The PDF of the equivalent load for each conventional generator can be calculated according to the merit order, i.e.:
where the PDF of the equivalent load of ith conventional generator is represented by fi, and the PDF of the unavailable capacity of ith conventional generator is fC,i. In Equation (2), the PDF of the equivalent load for ith conventional generator in the merit order is calculated by convolving the PDFs of all the previous conventional generators with the PDF of the equivalent load incorporating all of the WFs and PFs.
Figure 1.
The procedure used to predict the market price.
The probability that a given generator will be selected as a marginal unit in the market clearing process is determined from the probability that the generator considered meets the equivalent load and is available. The probability that the ith conventional generator will be a marginal generator is therefore given by:
where Ci is the cumulative sum of the installed capacities of all generators up to the ith conventional generator, dL is an infinitesimal increment in the load, and FORi is the forced outage rate of the ith conventional generator. The expected marginal cost of all marginal generators is then equal to the market price. This procedure is illustrated by the flow chart shown in Figure 1 .
Predicting the REC (Renewable Energy Certificate) Price
The RPS imposes a levy on electric power producers (EPPs) for energy that is certified to be 100% generated using renewable energy resources. Currently, in Korea, there are thirteen EPPs that are obliged to supply at least 10% of their annual energy production from renewable energy resources until 2022 by maintaining an annual increase, as listed in Table 1 [23]. The EPP can purchase energy to make up for a shortfall in the required quantity via the REC spot market to avoid penalties of up to 150% of the REC spot price. The REC spot price functions as a standard pricing benchmark for REC transactions, as well as a penalty; thus, the REC spot market is considered representative. The spot price is settled by the market clearing process, which is similar to the CBP-based electricity market [5] . Demand in the REC spot market is based on the given mandatory minimum fraction (MMF) and energy production by EPPs. The REC demand in megawatt-hours for each year may be calculated as follows: ' 
REC demand EPPs total energy production MMF
If the renewable energy resources are classified according to the energy type via a clustering technique, then the REC supply for each energy type for each year may be expressed as follows:
in units of megawatt-hours, where k represents the index for the type of renewable energy resource. The REC weighting varies from 0.25 to 2.0 depending on the energy type, and the largest weighting (i.e., 2.0) is assigned to offshore WFs that are more than 5 km offshore. The marginal cost for each energy type in each year can be calculated as follows:
Electricity market price REC weighting  
which is in units of dollars per megawatt-hour, where the levelized cost of energy (LCOE; this will be discussed further in Section 6) is used to calculate the marginal cost for each energy type, which corresponds to a bidding price on the REC spot market. The REC market is divided into two separate markets in Korea, i.e., PV energy and non-PV energy. Here, we restrict ourselves to the non-PV energy market in which the offshore WFs can participate.
Assessment of Wind Energy Production
The revenue from wind power can be represented by the product of the annual wind energy production (AWEP) and the market price for electricity. Here, we describe the concept of the AWEP calculated via the multi-phased procedure [24] . First, the hourly wind speed at the hub height of the wind turbines (WTs) is calculated from the measured wind speed at an arbitrary height and the wind shear. The Weibull distribution of hourly wind speeds at hub height was calculated using the wblfit() function of Matlab R2012a. The mechanical power was determined using the wind speed at the hub and the available electrical power was then obtained by subtracting the conversion losses occurring inside the generator. Details of loss coefficients and the relationship between the mechanical power and the conversion losses are given in [24] . The AWEP of the WF was then calculated considering the configuration of the WF. We consider submarine cable losses in transmission from the WF to the onshore substation. In each WF, if the correlation coefficient among the output of the WTs in the WF is statistically significant (i.e., greater than 0.8), then the output power of individual WTs was assumed to be uniform throughout the WF. The AWEP of a WF is as follows: 
where AWEPWF is the AWEP of an individual WF in units of megawatt-hours.
Revenue and Cost for Offshore Wind Farms
Revenue for offshore WFs in Korea currently comes from the REC trading market and the electricity wholesale market. It may be defined as follows: 
where the subscript t denotes the year of operation, and the zero year corresponds to the start of the scheme. The denominators in the right-hand side are used to obtain present values. The cost model for offshore WFs in [25] was used to describe the capital expenditure as a function of the primary offshore conditions, including the distance to shore and depth of the water. For example, cost factors for the external submarine cables and foundations vary with the distance to shore and the depth of the water.
Metrics of Economic Evaluation
The net present value (NPV) and the internal rate of return (IRR) are typically used as profitability indices for capital-budget decisions. The NPV is defined as the present value of the sum of net cash flows, i.e., income minus costs over a given time period. Here, the costs incorporate servicing debt, income taxes, and operating costs. Income taxes correspond to the product of the tax rate and some value that is obtained by subtracting debt interest payments, depreciation, and operations costs from the annual income. An investment plan with a negative NPV cannot be financially justified. An alternative with a larger NPV is preferred, unless there are constraints on the capital investment. The IRR is the break-even discount rate that makes the NPV zero. If all other factors are equal among more than two projects, the project with the largest IRR will have the highest priority and will be launched first.
The LCOE is defined as the total costs of energy-related project, normalized to the electricity production over its lifetime, expressed as follows: 
Tax deductions for debt interest payments and depreciation are taken into account, as shown in the numerator of Equation (9) . Furthermore, the residual values associated with the project are assumed to be zero at the end of its lifetime.
Case Study
In Korea, Jeju Island comprises a small self-contained electric power network that is distinguished from non-Jeju regions by the electricity market price and REC price. In this paper, we are only concerned with non-Jeju regions to which the offshore WF of interest belongs. Based on the sixth basic plan for long-term electricity supply and demand [1] , scenarios for the installed capacity and annual peak demand until 2035 were created as shown in Figure 2 , using extrapolation tools in Microsoft Excel 2013. The cumulative installed capacity up to 2015 is shown in Table 2 , and the annual variation in the installed capacity by fuel type from 2016 to 2035 is given in Table 3 .
Planned construction of new facilities and decommissioning of existing facilities determine the number units of each fuel type shown in Figure 3 , where the data were taken from [1] . The forced outage rate (FOR) and marginal cost of new generators coming on line in 2016 during the first year of operation are listed in Table 4 by fuel type [26] . We assume that the marginal cost of all generators varies with the fuel price each year, and the FORs are fixed during the whole period. Each fuel price is shown in Figure 4 [27] . The value of lost load (VoLL) for each year was arbitrarily set to 10 times the maximum marginal cost to a minimum [28] . We use information on the installed capacity and the FOR of individual generators to organize the PDFs of the unavailable capacity. To calculate the probabilistic distribution of the output of PFs, 10 representative areas were selected based on the 20-year averaged data for insolation at 22 measurement locations, and the installation size for each area was determined in proportion to the PV insolation intensity [29] . Figure 5 shows the PDFs of the output of PFs in the selected area in 2016. Historical data for the temperature and insolation at each area and the applied PV information, including efficiency, rated power, and loss coefficients, were used to calculate the output distribution of PFs for each year [30] [31] [32] . The candidate regions for WFs may be categorized into three groups based on the data for the wind power density [33] and existing WF construction plans, as shown in Figure 6 . It was assumed that 5 MW and 2 MW WTs are installed in these regions [34, 35] . The annual average wind speed, the shape parameter of the Weibull distribution, and the capacity factor for each of the regions are shown in Table 5 ; these data were obtained from wind speed data at 23 measurement locations [36] . The offshore WF was located at Buan-gun in region II, where the water depth is 12 m and the distance to shore is 15 km [37] . Table 6 provides a summary of the available data on the WF of interest, including the associated WTs and the foundations [38, 39] . Table 7 lists the fiscal assumptions used to achieve an economic comparison [40] . The electricity market prices were calculated using these data, as shown in Figure 7 . Compared with the market data, the expected market price was smaller by 20%-40% due to the fact that the reserve ratio increased sharply after 2014 and was then maintained at approximately three times higher than that in 2013 [41] . Table 6 . Detailed parameters for the wind farm of interest. Figure 8 shows the predicted REC price considering the marginal cost, energy production, REC weighting, and MMF [5] , as well as the electricity generation extrapolated using a second-order polynomial function with the largest coefficient of determination. It has been confirmed that the REC price was determined from the average cost of a fuel cell from 2016 to 2019, and then from the unit cost of wind energy until 2035. Scenarios for RPS should be adjusted based on practical grounds. The existing RPS is suitable for immediate modification by adjusting the MMF and/or the weightings for renewable energy resources. Thus, we consider the scenarios for RPS to investigate the economic viability of the adjusted RPS compared with the existing RPS listed in Table 8 . The MMF and REC weighting of wind energy were chosen as parameters for all the scenarios. The original value for each parameter is represented as F and W, respectively. The economic evaluation for each scenario was performed so that one parameter varied while the remaining parameters were fixed. The offshore WF was assumed to operate from 2016 to 2035 following the completion of its construction in 2015. The results show that the existing support schemes yield a negative NPV (−6066 k$) and an IRR of 6.77%, which is smaller than the nominal discount rate. To explore improvements in the current RPS, the economic feasibility of each scenario was investigated, as shown in Figures 9 and 10 . By making changes to REC supply for wind energy, the REC weighting did influence the REC revenue, as shown in Figure 9 . As shown in Figure 10 , the NPVs and IRRs for the new and original MMFs were almost unchanged from F − 2.5% to F − 0.5%. This is because the REC price did not change, although the REC demand decreased in response to changes in the MMF. In contrast to the NPV and IRR, the nominal value of the LCOE was constant at 0.1627 $/kWh, regardless of adjustments to the revenue-related elements for all scenarios. 
Conclusions
The motivation of our study was to investigate whether the RPS currently in force is effective to promote the expansion plan which focuses on the penetration of offshore WFs in Korea. It is vital to consider whether existing RPS is suitable to offer a favorable environment for investment. In this paper, we proposed a framework to assess the economic viability of RPS considering long-term changes in revenue elements. We investigated the feasibility of options for adjusting existing RPS. The electricity market price and REC price in Korea were predicted based on the sixth basic plan for long-term electricity supply and demand. The results showed that existing RPS would have a limited ability to help enhance the penetration of offshore WFs. The adjusted RPS, however, were shown to be beneficial to increasing the economic viability of offshore WFs. The approach described here is not limited to Korea, and it may be extendable to other countries; as part of our future work, we plan to extend our method to consider the long-term development of energy markets in other countries.
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